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ZnO and ZnO:Yb thermoluminescence nanophosphors have been developed and tested under beta
radiation. Spherical nanoparticles of sizes ranging from 130 to 1200 nm were prepared through a
glycol mediated chemical synthesis. The Yb doping had a thermoluminescence quenching effect
compared to undoped ZnO. The 5% Yb concentration produced a low fading, a single
thermoluminescence glow peak structure, and a dose linearity behavior adequate for
thermoluminescence dosimetry applications. The ZnO:Yb nanophosphor has a great potential as a
dosimeter for monitoring in ionizing radiation fields. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2374866�

Recently, investigation on nanostructured ZnO has been
greatly stimulated due to its potential applications in opto-
electronics, sensors, transducers, and biomedical
applications.1,2 ZnO is a wide band gap semiconductor
�3.37 eV at 300 K� usually exhibiting visible luminescence
due to the existence of intrinsic or extrinsic defects. The
defect related emissions seem to depend on the nanostructure
morphologies, defect types, and concentrations resulting in
emissions from ultraviolet �UV� to red.3 Although, the pho-
toluminescence �PL� and the carrier recombination processes
in some ZnO nanostructures and the role of the defects in-
volved have been studied,4 the exact nature of these emis-
sions is still controversial.

Photoluminescence is the luminescence emitted follow-
ing absorption of light by a material and involves transitions
inside the band gap without transport of charges. Thermally
stimulated luminescence, commonly called thermolumines-
cence �TL�, takes place when a material �phosphor� is ex-
posed to UV or ionizing radiation, and later thermally stimu-
lated. The radiation exposure of the phosphor materials
creates electron-hole pairs which eventually get trapped in
localized trap-states existing inside the band gap of the ma-
terial, and most of the charge carriers remain trapped after-
wards. The localized trap states in a material are generated
due to the existing intrinsic defects or the defects generated
by radiation exposure. The thermal stimulation frees the
trapped electrons �holes� which travel through the conduc-
tion �valence� band, opposite charges recombine, and light
emission is produced through a radiative recombination pro-
cess. The charge trapping and thermally stimulated recombi-
nation mechanisms are important for radiation dose assess-
ment. In a good dosimetric material, the number of trapped
charge carriers and in consequence the integrated intensity of
the thermally stimulated light emission �recombination� are
proportional to the exposure dose. Though there exists sev-
eral excellent dosimetric phosphors with high TL efficiency
and linear dose behavior,5–7 still there is a great interest in
searching for efficient dosimetric materials and their dose

assessment to meet technological challenges and our under-
standing of radiation effects on human and nanoelectronic
systems. Such an understanding is indispensable in a number
of areas including radiation therapy for cancer treatment and
extended human presence in outer space. Some nanostruc-
tured materials have been recently investigated in relation to
their TL properties including Y3Al5O12 �YAG�,8 ZnO,9

ZrO2,10 and CaSO4:Dy,11 which show great potential for do-
simetric applications. In the present letter we report on the
synthesis, TL properties, and dosimetric behavior of undoped
and Yb doped nanostructured ZnO phosphors.

The undoped and doped ZnO nanostructures were pre-
pared through a glycol mediated chemical synthesis. In a
typical synthesis process 0.025M of anhydrous zinc acetate
��C2H3O2�2Zn, Aldrich, 99.99%� was added to 1M of ethyl-
eneglycol �Baker� in a round bottom flux and heated at
440 K temperature for 2 h. After cooling to room tempera-
ture �RT�, the white mixture was filtered and washed by eth-
anol and water repeatedly and dried at RT. For Yb doping,
YbCl3 ·6H2O �Alfa Aesar, 99.9%� of 1, 2, and 5 at. % �nomi-
nal� were added to the reaction mixture before heating.

Morphology of the undoped and doped samples was
studied using a JEOL JSM LV 5600 scanning electron mi-
croscope �SEM� with a Noran SuperDry analytical system
attached. Figure 1�a� shows a typical SEM micrograph for
the undoped sample. Spherical ZnO particles of sizes ranging
from 130 to 1200 nm were formed in the samples. In gen-
eral, the average size of the particles decreases with the in-
crease of Yb doping concentration, and varied from 392 nm
for undoped to 245 nm for 5% Yb doped samples. X-ray
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FIG. 1. Typical SEM image for the undoped ZnO �a� and EDS spectrum for
the ZnO nanostructures doped with 1% Yb �b�.
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diffraction studies revealed polycrystalline nature of the ZnO
particles �not presented�. The composition of the samples
was estimated through energy dispersion spectroscopy �EDS�
measurements �Fig. 1�b��. We can see only the emission
peaks of O, Zn, and Yb in the samples. The concentration of
O in the samples was 55.2 and 55.5 at. % for the undoped
and doped samples, respectively. The EDS estimated Yb con-
centrations for the 1%, 2%, and 5% nominally doped
samples were about 0.5%, 0.7%, and 0.8% respectively. The
concentration of Zn reduced from 44.8 to 43.7 at. % on Yb
doping.

The TL measurements were performed using a Harshaw
TLD system 4000 and a Risø TL/OSL System model TL-
DA-15. The photomultiplier tube used for measuring TL
emission had maximum detection efficiency around 400 nm.
Beta irradiation exposures were done using a �90Sr– 90Y�
source having an activity of 0.04 Ci and 5 Gy/min dose rate.
The heating rate of TL readouts was 5 K/s. The recorded TL
glow curves were analyzed by a homemade deconvolution
program based on the nonlinear least-squares Marquardt
method.

Figure 2 shows typical TL glow curves of undoped and
5% Yb doped ZnO, after exposed to beta radiation ranging
from 10 to 100 Gy at RT. For the undoped sample, the TL
glow curves exhibit two peaks with maxima at 420 and
490 K. The Yb doping induces a TL quenching effect and
changes the TL curve shape. The TL glow curves of the 5%
Yb doped sample reveal a single peak with maximum at
480 K and intensity of about six times lower then the maxi-
mal intensity of the undoped sample. The ZnO samples with
1 and 2 at. % Yb show unstructured less intense TL between
400 and 570 K.

The kinetic processes involved in the TL of the nano-
structured ZnO phosphors could be extracted using a decon-
volution computer fitting program. A nonlinear least-squares

Marquardt fitting method, capable of simultaneously pro-
cessing up to first or second order kinetic TL glow peaks,12

was used to calculate the activation energy E �eV�, the fre-
quency factors s �s−1�, the maximum peak temperature, and
the peak area. The TL glow peaks were fitted to first and
second order kinetic equations given by Eqs. �1� and �2�,
respectively,12

S�T� = S0 exp�−
skBT2
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S�T� represents the total light emitted during heating from
temperature T up to a full emptying of the TL traps, which is
also proportional to the current concentration of filled traps.
The TL signal �S�T� is proportional to some amount of light
emitted during heating from temperature T to T+�T and can
be presented as �S�T�=S�T�−S�T+�T�, S0 is the total TL
signal emitted during the heating process �the peak area�. �
is the heating rate and kB is Boltzmann’s constant.

Figure 3 displays the TL glow curves as well as its fitted
components for the undoped ZnO and ZnO:Yb �5%�
samples. It is interesting to observe that the undoped ZnO
displays first and second order kinetic TL glow peak compo-
nents at 420 and 490 K, with E=0.8 and 1.2 eV and s=7
�108 and 1�1012 s−1, respectively. However, the TL glow
curve of ZnO:Yb �5%� shows a single first order peak at
480 K with E=0.8 eV and s=4.4�107 s−1.

The dose dependences of the peak areas obtained with
the deconvolution procedure for undoped and 5% Yb doped
ZnO samples are shown in Fig. 4. Certainly, the 5% Yb
doping concentration, besides improving the TL performance
of the ZnO nanostructures, also improves noticeably its dose

FIG. 2. TL glow curves taken after irradiation at indi-
cated doses: �a� undoped ZnO and �b� 5% Yb doped
ZnO.

FIG. 3. Computer deconvoluted of TL glow curves for
undoped ZnO �a� and ZnO doped with 5% Yb �b� ex-
posed to 100 Gy of beta radiation. ZnO displays two
TL glow peak components at 420 K �second order� and
490 K �first order�, with activation energies of 0.8 and
1.2 eV. The TL glow curve of ZnO:Yb �5%� shows a
first order peak at 480 K with an activation energy of
0.8 eV.
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linearity response. In spite of the TL quenching effect of
doping, the advantage resulting from the induced dose lin-
earity is noteworthy. The TL efficiency �light emitted during
heating from 320 to 520 K� of ZnO:Yb was about ten times
lower than the undoped nanophosphor. We must mention that
the low 0–10 Gy dose behavior seen in Yb �5%� doped ZnO
sample was also observed for all other dopant concentrations
used in the present work. Interestingly, the 5% doped sample
revels a clean high temperature glow peak with high TL
intensity. The existence of such TL glow peaks is related to
the electrons �or holes� trapped at deep localized trap states,
which are adequate for dosimetric applications due to char-
acteristic low TL fading losses. Room temperature TL fading
losses are related to the charge carriers trapped at shallow
trap states localized close to the conduction �electrons� or
valence �holes� bands. The RT instabilities produce charge
detrapping and eventual recombination of the charge carriers,
without contribution of the real dose given to the sample. It
was observed that the undoped ZnO sample exhibited a 10%
TL fading loss in 600 s time period after irradiation with
100 Gy beta-ray dose. The TL fading observed in ZnO:Yb
�5%� phosphor under the same conditions was insignificant.

It is important to mention that the undoped ZnO nano-
phosphor displays a characteristic RT afterglow �AG� signal
after irradiation with 100 Gy beta-ray dose, which decreases
as a function of Yb concentration. The highest afterglow
comes from the undoped ZnO specimen and is about 3.5,
3.1, and 2.5 times greater than 5%, 2%, and 1% Yb doped
ZnO, respectively. The AG decay process refers to the RT
light emitted signal after the sample is irradiated; it corre-
sponds to the radiative recombination of the charges trapped
at shallow traps �350–550 K�, freed by RT instabilities. It is
noticeable that the Yb doping decreases the AG up to a back-
ground signal for 5% doping concentration. It is evident that
the Yb doping improves the RT stability of trapped charges
at shallow/low temperature localized trap states. The radia-
tive and nonradiative recombinations related to the AG and
TL thermal fadings may hinder the dose assessment provided
by the ZnO phosphor material, since these recombinations
involve some charge carriers produced by radiation exposure

that will not be associated with thermally stable filled trap
states. It may result in an underestimation of the irradiation
dose given to the dosimeter sample. A good dosimeter mate-
rial should have low AG and TL fading properties. From the
AG and TL data of our ZnO:Yb �5%� sample, it is unam-
biguous that this phosphor qualify as low AG and TL fading
materials suitable for dosimetric applications in ionizing ra-
diation fields.

In summary, we have developed a ZnO:Yb �5%� nano-
phospor with low AG and TL fadings at RT which exhibits a
linear dose behavior for � rays in the 0–100 Gy dose range.
The nanophospors have great potential as a dosimeter for
monitoring in ionizing radiation fields.
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FIG. 4. Dose dependences of the peak
areas: �a� undoped ZnO and �b� ZnO
doped with 5% Yb.
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